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Abstract

Background: The efficacy of pulmonary vein isolation (PVI) alone is not guaranteed for persistent atrial fibrillation
(PeAF), and it is unclear which type of ablation approach should be applied in addition to PVI. This study aimed to
compare outcomes and prognosis between empirical linear ablation and low-voltage area (LVA) ablation after PVI for
PeAF.

Methods: We enrolled 128 patients with PeAF who were assigned to the linear ablation group (n=64) and the LVA
ablation group (n=64) using a propensity score-matched model. After PVl and cardioversion, the patients underwent
either empirical linear ablation or LVA ablation during sinus rhythm. All patients in the linear ablation group under-
went both roof line and mitral valve isthmus (MVI) ablations. An electrical-guided ablation targeting LVA (< 0.5 mV)
was performed in the LVA group. When there was no LVA in the LVA group, only PVl was applied. We compared the
procedural outcomes and recurrence after ablation between the two groups.

Results: The baseline characteristics were well-balanced between the two groups. Fifty patients had LVA (22 and 28
patients in the linear and LVA groups). The roof and MVI lines were completed in 100% and 96.9% of the patients. Dur-
ing the mean follow-up of 279.5 & 161.3 days, the LVA group had significantly lower recurrence than the linear group
(15 patients [23%] vs. 29 patients [45%], p=0.014). Thirty-five patients were prescribed antiarrhythmic drugs during
the follow-up period (linear group, n=17; LVA group, n = 18); amiodarone and bepridil were administered to most of
the patients (15 and 17 patients, respectively). The difference in the prognosis was relevant among the patients with
LVA, while this trend was not observed in those without LVA. The LVA ablation group demonstrated significantly lower
radiofrequency energy and shorter procedural time compared to the linear ablation group. The recurrence of atrial
flutter was more likely to occur in the linear group than in the LVA group (14 [22%] vs. 6 [9.4%)], p=0.052).
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Conclusion: The electrophysiological-guided LVA ablation is more effective than empirical linear ablation in
PeAF patients with LVA. Unnecessary empirical linear ablation might have a risk of iatrogenic gap and atrial flutter

recurrence.

Keywords: Catheter ablation, Linear ablation, Pulmonary vein isolation, Persistent atrial fibrillation, Low voltage area

Background

Catheter ablation for atrial fibrillation (AF) is an effec-
tive treatment for maintaining normal sinus rhythm.
Pulmonary vein isolation (PVI) is a promising method of
ablation for patients with paroxysmal AF [1, 2], but the
success rates for persistent AF (PeAF) have not paralleled
those for paroxysmal AF [3].

Adjunctive ablations, such as ablation of complex frac-
tionated atrial electrogram (CFAE), ganglionated plexi,
linear lesion ablation, and low voltage area (LVA) abla-
tion, have been proposed to improve procedural efficacy
[4—6]. Among them, linear ablation attempts to modify
the left atrium (LA) as a conventional approach with
proven efficacy [7]. However, creating complete (and
durable) conduction block along a linear lesion is some-
times challenging [8]. In particular, ablation of the mitral
valve isthmus (MVI) was achieved in 75% of patients in
the Star AF II study, a large-scale randomized study [9],
and the authors concluded that there was no reduction
in AF recurrence when either linear ablation or CFAE
ablation was performed in addition to PVI. Moreo-
ver, it is unclear whether completed linear ablation as a
substrate modification of LA improves outcomes, espe-
cially in patients without documented atrial flutter (AFL)
during the procedure. In contrast, several studies have
reported that an additional LVA substrate modification
targeting the damaged and arrhythmogenic atrial tissue
is effective in improving the outcomes [10-12]; however,
LVA ablation has not yet become the cornerstone of the
PeAF ablation strategy. It is unclear which type of abla-
tion strategy should be applied in patients with PeAF in
addition to PVI in clinical practice [4—6].

Therefore, the present study was conducted to com-
pare the outcomes and prognosis between empirical lin-
ear ablation and electrical-guided LVA ablation, which
are commonly used as standard approaches in patients
undergoing catheter ablation for PeAF.

Methods

Patient population

We initially assessed 144 patients with PeAF who under-
went catheter ablation for AF at Toyota Kosei Hospital
between November 2016 and June 2018 retrospectively.
The indications for catheter ablation were as per the most
recent guidelines [13, 14].

All patients were alternatively assigned to the linear
ablation group (linear group) or the LVA ablation group
(LVA group) after PVI (Fig. 1). We excluded patients with
the following: inadequate follow-up after the procedure;
the presence of AFL and AF conversion to AFL requiring
specific linear ablation during the procedure; a LA diam-
eter >50 mm,; repeat session; and history of MAZE proce-
dure. All patients underwent cardioversion after PVI, and
an LA voltage map was generated during sinus rhythm
unless AF terminated the sinus rhythm during PVL
Patients in the linear ablation group underwent empiri-
cal linear ablation, while electrical-guided ablation tar-
geting LVA was applied in the LVA group. Although we
generally applied each ablation approach alternatively so
that the number of patients in each group was the same,
there were some cases in which the operators decided to
adopt the ablation approach preferentially based on the
patients’ characteristics in a non-randomized manner.
However, the decision of which ablation approach would
be assigned had been made before the voltage map crea-
tion following PVI, and therefore, if there was no LVA in
the LVA ablation group, we performed PVI ablation only.
We did not control for the number of patients with LVA
and those with LVA in each ablation group.

In the crude population, 71 patients were assigned
equally to each group (142 patients in total). However,
different baseline characteristics and examination data
were observed between the two approach groups in
the non-randomized study design (Additional file 1:
Table S1). We subsequently constructed a propensity
score model for the linear or LVA group to minimize dif-
ferences and overcome any bias in the baseline charac-
teristics due to the study design. A total of 128 matched
patients (linear and LVA, 1:1) were included in the anal-
ysis. Informed consent was obtained from all patients
prior to the procedure. The study protocol was approved
by the Institutional Review Board of the study hospital.
The study was performed in compliance with the princi-
ples of the Declaration of Helsinki.

PeAF was defined as AF lasting for>7 days, and the
study also enrolled patients with longstanding AF lasting
for>1 year [13, 14]. All patients with PeAF underwent
cardiac computed tomography (64-slice) and transtho-
racic echocardiography before ablation to evaluate the
presence of thrombi and the LA volume. Transesopha-
geal echocardiography was not routinely performed
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N = 144

Total number of patients

Exclusions:
- Presence of atrial flutter
- AF converting to AFL during the

procedure
- LAD >50 mm
- Repeat session
» History of MAZE procedure

Inadequate follow up

N = 142 patients

N=2

Linear group
N = 71 patients

LVAgroup
N = 71 patients

Propensity score matching

Linear group
N = 64 patients

LVAgroup
N = 64 patients

N = 128 patients

Fig. 1 Flowchart of the study. AF atrial fibrillation, AFL atrial flutter, LAD left atrial diameter, LVA low-voltage area

before procedure, but all patients underwent the con-
trast-enhanced computed tomography for the exclusion
of possibility of intracardiac thrombi. All antiarrhythmic
drugs were suspended before the ablation procedure;
specifically, amiodarone and bepridil were suspended
for > 1 month.

Ablation procedures

Patients continued anticoagulant therapy for at least
3 weeks before the ablation procedure. Anticoagu-
lant drugs including vitamin K antagonists and direct
oral anticoagulants were uninterruptedly administered
throughout the procedure [15].

The procedure was performed under mild intravenous
sedation and analgesia. Before transseptal puncture,
patients received intravenous unfractionated heparin
and maintained an activated clotting time of > 300 s. Fol-
lowing transseptal puncture, the LA geometry was
evaluated using a three-dimensional electroanatomi-
cal mapping system (EnSiteNavx, St. Jude Medical, St.
Paul, MN, USA). The radiofrequency (RF) ablation was

performed with settings of 25—-40 W and a temperature
limit of 40 °C using an irrigated ablation catheter (the
TactiCath™ Quartz contact force sensing or FlexAbility""
irrigated ablation catheter; St. Jude Medical). We used a
Swartz sheath (St. Jude Medical) for LA ablation, but did
not use a steerable sheath. A point-by-point PVI was per-
formed with the target contact force sensing> 10 g, lesion
index>4-5, and lesion distance of 4 mm, if necessary [16,
17]. The lesion index was monitored during the PVI. Car-
dioversion was performed in cases where AF persisted
after PVIL. Bi-directional PVI was confirmed by pacing
inside the pulmonary vein (PV) and documentation of
an exit block out of the PV, and vice versa. All patients
underwent cavotricuspid isthmus (CTI) ablation. Supe-
rior vena cava isolation was not performed in this study
population.

Voltage mapping in the LA was generated during sinus
rhythm in all patients. The LVA was defined as an area
with a bipolar peak-to-peak voltage amplitude<0.5 mV
[18, 19], as measured by a 20-pole multipolar circu-
lar ring catheter with 1-2.5-1 mm electrode spacing
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(Inquiry" Afocus™1I, Abbott). More than 500 points in
the LA were acquired to create a voltage map in each
case. We defined patients with LVA >5 cm? in the LA as
those with LVA [18]. We did not routinely perform post-
ablation induction maneuvers of pacing stimulation and
isoproterenol infusion in this study.

Linear ablation

In the linear ablation group, both roof line and MVI lin-
ear ablation were performed during sinus rhythm (Fig. 2).
Roof-line ablation was applied for the LA between both
contralateral superior PVs, and MVI line ablation was
performed from the 4 or 5 o’ clock position on the mitral
annulus and up to the 2 o'clock position on the ostium of
the left inferior PV. We did not create an anterior mitral
isthmus line as a first-line choice because the strategy of
the first-line lateral MVT ablation has been adopted for a
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long time in our institution [20]. If it was difficult to com-
pletely ablate the MVI line from the endocardial side, we
ablated the epicardial side over the coronary sinus (CS)
with a maximum output of 30 W, being careful to prevent
steam pop formation. After CS ablation, we confirmed no
stenosis of the CS by injection of contrast agent through
the CS electrode catheter. When the MVI was still not
completed after the above-mentioned approaches, we
attempted further endocardial ablation with an increased
output energy of 35-40 W on the mitral annulus ener-
getically, where the electrical potential remained. Even
at this stage, we did not apply an additional anterior or
anterior lateral line to compensate for the block line. The
MVI block was confirmed using the differential pacing
technique of the endocardial sides and CS. In all cases,
only roof and MVI line ablations were performed after
PVI, without an additional trigger or linear ablation.

Fig. 2 Representative case of PVl and linear ablation sites. Linear ablation, inclusive of the roof line and MVI, was performed. Roof-line ablation was
performed for the left atrium between the contralateral superior PVs, and MVI line ablation was performed from the 4 or 5 o'clock position on the
mitral annulus and up to the 2 o'clock position on the ostium of the left inferior PV. The yellow tags indicate ablation points of PVI, roof line, and MVI
line. In the voltage map, dark purple and gray colors represent voltage amplitudes of 0.5 mV and 0.3 mV, respectively. The purple color represents
the healthy area with an electrogram amplitude of > 0.5 mV. PV/ pulmonary vein isolation, MV mitral valve isthmus, PV pulmonary vein
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LVA ablation

For the LVA ablation group, we ablated areas inside the
LVA of the voltage amplitude < 0.5 mV, which were closely
aggregated in the LA for homogenization (Fig. 3). A gen-
eral power setting of 25—-40 W with target contact force
sensing of > 10 g, lesion index of > 4.0, and lesion distance
of 4 mm were applied during LVA ablation. If there was
no LVA, no further ablation was performed. The end-
point of LVA ablation was defined as the absence of local
electrical potential in the ablation catheter and failure
to capture the local myocardium inside the LVA (pacing
output: 9.9 V). LVA ablation was performed in the LA
only, but not in the right atrium.
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Follow-up

All patients received anticoagulant drugs for at least
3 months after the procedure. Transthoracic echocar-
diography was performed 3 months after discharge.
All patients were regularly followed up at 3, 6, 9, and
12 months after ablation in outpatient clinic of our insti-
tution. At each follow-up visit, patients underwent elec-
trocardiogram and were asked about any symptoms
related to the presence of arrhythmia. The 24-h Holter
monitoring was performed at 3, 6, 9, and 12 months
after ablation. Additional surface 12-lead electrocar-
diogram was scheduled with a short follow-up duration
when patients reported palpitations with a suspicion of

Fig. 3 Representative case of PVl and LVA ablation. Voltage mapping was performed during sinus rhythm, and LVA was defined as an area with a
bipolar voltage amplitude < 0.5 mV. In the voltage map, dark purple and gray colors represent voltage amplitudes of 0.5 mV and 0.3 mV, respectively.
The purple color represents the healthy area with an electrogram amplitude of > 0.5 mV. In this case, large LVAs were identified on the anterior wall
of the left atrium, which was a target for the ablation. The areas inside the LVA were ablated for homogenization and until loss of pacing capture
was achieved (red tags). PV/ pulmonary vein isolation, LVA low voltage area
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the recurrence, if necessary. Acute phase AF recurrence
within <3 months of blanking period was not considered
a true recurrence. When the patients had early recur-
rence or frequent supra premature atrial contractions
within the blanking period, the antiarrhythmic drugs
that were suspended before the procedure were adminis-
tered again, and we usually continued these medications
beyond the blanking period thereafter. AF recurrence
was defined as AF/AFL lasting>30 s on the examination
testing after a 3-month blanking period regardless of the
administration of antiarrhythmic medication.

Second session

Patients with AF recurrence were encouraged to undergo
repeat sessions when the patients suffered from repeti-
tive AF attacks following antiarrhythmic drug adminis-
tration. During the second session, we checked the PV
reconnection and linear block lines that were created in
the previous session (CTI, MV], and roof line) and com-
pared each site of recurrence between the two groups.
For cases complicated with AFL, an activation map was
created using a three-dimensional electroanatomical
mapping system (EnSiteNavx) to identify the AFL cir-
cuit. The diagnosis of Marshall-related AFL was made by
missing isochrones through the endocardial map along
the MVI line and sudden emerging electrical activation
as a focal pattern at the LA roof-LA appendage, PV ridge,
and proximal posterior side of the CS, where the Mar-
shall bundle is typically located close to the LA endocar-
dial site. The same post-pacing interval to cycle length
of the target AFL and successful termination of the AFL
through ablation on these endocardial sites could sup-
port the possible involvement of the Marshall bundle in
the AFL. We did not routinely insert a micro-electrical
catheter into the Marshall vein for diagnosis in the study
population.

Study endpoints

The primary endpoint was the comparison of AF recur-
rence between the linear and LVA groups after the
blanking period regardless of the administration of anti-
arrhythmic medication. The secondary endpoints were
differences in procedural time, fluoroscopy time and dose
between the two groups. We additionally evaluated the
prognoses of the recurrence rate after ablation between
the two ablation approaches in patients with and without
LVA.

Statistical analysis

The patients’ characteristics and procedural data are
expressed as mean £ standard deviation or median (first
and third quartiles). Differences in baseline characteris-
tics were analyzed using Student’s ¢-test for parametric
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data and the Mann—Whitney U test for non-parametric
data. Categorical variables were compared using the chi-
square test or Fisher’s exact test. Survival curves were
generated using Kaplan—Meier estimates, and time-to-
event analyses were performed using the log-rank test.
For propensity score-matched analysis, we calculated the
propensity score using a multivariable logistic regression
model using linear ablation as the dependent variable
and including the following baseline factors: age, male
sex, duration of AF, LA diameter, left ventricular ejec-
tion fraction, and CHADS2 and CHA2DS2-VASc scores.
Thereafter, 1:1 nearest-neighbor greedy matching was
performed. All statistical analyses were performed using
SPSS statistical ver. 23.0. The significance level was set at
p<0.05.

Results

Patients’ characteristics

The baseline characteristics between the linear group
(n=64) and LVA group (n=64) after propensity score
matching analysis are shown in Table 1. The parameters
were well-balanced with no significant differences in age,
sex, CHADS2 and CHA2DS2-VASc scores, AF duration,
LA diameter, left ventricular ejection fraction, and LA
volume between the linear and LVA groups.

Ablation procedural data

The ablation procedural data are presented in Table 2.
PVI and CTI ablations were successfully achieved in
all patients. No major procedural complications, such
as pericardial tamponade, stroke, or embolic events,
occurred. Twenty-two patients (34.3%) in the linear
group and 28 patients (43.8%) in the LVA group had LVA
in the LA (p=0.365). The extent of LVA was not signifi-
cantly different between the linear group and LVA group
(7.12+18.0 cm* and 10.1+16.2 cm? p=0.332). The LVA
did not differ significantly within the patients with LVA
between the two approach groups (22.3418.5 cm? and
19.7426.7 cm? p=0.686). In the linear ablation group,
complete bidirectional block of the roof line and MVI
line was achieved in 64 (100%) and 62 (96.9%) patients,
respectively; in 2 patients, the completed MVI block
line could not be achieved despite repetitive ablation.
One patient in the LVA group had an extensive LVA in
the LA anterior wall, which increased the risk of electri-
cal isolation of the LA appendage; as a result, we made
a slight modification to the LVA for this patient. The
linear group had a significantly longer procedural time
(2.61+0.6 vs. 23+£0.6 h; p<0.001) and amount of RF
energy (103,972433,190 vs. 81,318 £27,200 J; p<0.001)
compared to the LVA group. In contrast, there was no
significant difference between the groups in the fluoros-
copy time (55.64+20.8 vs. 53.4+56.0 min; p=0.771) or
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Table 1 Comparison of baseline characteristics between the linear and LVA groups after propensity score matching analysis

Linear group (n=64) LVA group (n=64) p value

Age (years) 6644109 7004£11.3 0.103
Men (%) 49 (76.6) 48 (75.0) 0.837
CHADS2 score 1.8+12 19714 0453
CHA2DS2-VASc score 27£16 31£18 0.254
AF duration (months) 45 (3.0-12.8) 8.0(3.0-16.8) 0479
Long-standing persistent AF (> 1 year) (%) 23 (35.9) 26 (40.6) 0.585
LAD (mm) 454+7.0 46.0+5.6 0.585
LVEF (%) 596+ 144 592+144 0.894
LA volume (mL) 7731267 83.0+25.1 0.226
Antiarrhythmic drugs (n) 15(234) 16 (25.0) 0.838

Class | 2(3.1) 1(1.5)

Amiodarone or Bepridil 13(20.3) 15 (23.4)
DOACs (n) 62 (96.8) 63 (984) 0.563
VKA (n) 2(3.1) 1(1.5) 0.563

LVEF left ventricular ejection fraction, LAD left atrial dimension, AF atrial fibrillation, LA left atrium, LVA low voltage area, DOACs direct oral anticoagulants, VKA vitamin
K antagonists. Data are presented as mean =+ standard deviation, median (first and third quartiles), or number (percentage)

Table 2 Comparison of procedure results between the linear and LVA groups after propensity score matching analysis

Linear group (n =64) LVA group (n=64) p value
Pulmonary vein isolation 64 (100) 64 (100) n/a
CTlblock line 64 (100) 64 (100) n/a
Roof line 64 (100) n/a
MVI line 62 (96.9) n/a
LVA (cm?) 7.1£180 101162 0322
Patients with LVA (%) 22 (34.4) 28 (43.8) 0.365
LA area (cm?) 121.9+£32.1 113.6£41.1 0224
LVA/LA (%) 66£16 104425 0.345
Contact force-sensing catheter
RF (J) 103,972+ 33,190 81,3184+27,200 <0.001
Procedural time (h) 26+£06 23+£06 <0.001
Fluoroscopy time (min) 5564208 5344560 0.771
Fluoroscopy dose (mGy) 399.24+596.0 487.4+£1586.1 0.684
Major complications (%) 0(0) 0(0) n/a

CTl cavotricuspid isthmus, LA left atrium, LVA low voltage area, MVI mitral valve isthmus, RF radiofrequency. Data are presented as mean =+ standard deviation or

number (percentage)

fluoroscopy dose (399.2+£596.0 vs. 487.44+1,586.1 mGy;
p=0.684).

AF recurrence

During the mean follow-up of 279.5+161.3 days (from
the ablation day to first recurrence or last day of visit),
29 (45%) and 15 (23%) patients in the linear and LVA
ablation groups had recurrence, respectively (p=0.014)
(Table 3). Kaplan—Meier survival curve analysis demon-
strated that the LVA group exhibited a significantly better
prognosis for recurrence-free AF than the linear group

(log-rank p=0.020; Fig. 4). Thirty-five patients were
prescribed antiarrhythmic drugs after ablation beyond
the blanking period during follow-up (linear group,
n=17; LVA group, n=18). Amiodarone and bepridil
were administered to the majority of patients (15 and 17
patients, respectively). No adverse events were caused
by the administration of amiodarone and bepridil dur-
ing the follow-up period. As for the recurrence rhythm
type, AFL recurrence was more likely to occur in the lin-
ear group than in the LVA group (14 [22%] vs. 6 [9.4%],
p=0.052).
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Table 3 Clinical outcomes and prognoses
Linear group (n=64) LVA group (n=64) p value
Recurrence (%) 29 (45.3) 15(23.4) 0.009
Early recurrence (%) 13 (20.3) 9(14.1) 0.353
Recurrence type
AF (%) 13 (20.3) 7(10.9) 0.146
AFL (%) 14 (21.9) 6(94) 0.052
Second session (%) 20/29 (31.4) 11/15(17.2) 0.763
Recurrence at PV 14/20 (70.0) 6/11 (54.4) 0.390
Recurrence at CTl line 0/20 (0) 0/11(0) n/a
Recurrence at MVI 5/20 (25.0) n/a n/a
Recurrence at roof line 8/20 (40.0) n/a n/a
Marshall AFL 4/20 (20.0) 0/11(0) 0.269

AF atrial fibrillation, AFL atrial flutter, PV pulmonary vein, MVI mitral valve isthmus, LVA low voltage area. Data are presented as number (percentage)
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Follow-up days
Number at risk
LVA group 64 64 47 37 29
Lineargroup 64 64 39 29 21
Fig. 4 Kaplan—-Meier event-free survival curves of recurrence-free rate after ablation between the linear and LVA groups. LVA low voltage area

Second ablation session

Thirty-one patients (20 patients and 11 in the linear and
LVA groups, respectively) underwent a second session
of AF ablation due to recurrence, and PV reconnec-
tion was observed in 14 patients and 6 patients, respec-
tively. In the linear group, recurrence of the MVI line
was observed in 25% of patients (5/20), while roof line
reconnection was found in 40% (8/20) of the patients, as
confirmed by intracardiac electrograms. No recurrence
was observed at the CTI line in either group. Addition-
ally, AFL through the vein of Marshall (Marshall AFL)

was developed in the linear group (4/20). No cases of
Marshall AFL were observed in the LVA group.

Differences in AF recurrence according to ablation strategy
in patients with and without LVA

Patients were divided into those with LVA (n=50) and
without LVA (n=78), and the prognosis between the
two strategies in each group was compared. Recurrence
occurred less frequently in the LVA approach group than
in the linear approach group among the patients with
LVA (14.3% [4/28] vs. 42.9% [10/22], p=0.025), while
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this trend was not observed in those without LVA (27.8%
[10/36] vs. 40.5% [17/42], p =0.340). Kaplan—Meier sur-
vival curves showed a significantly better prognosis for
recurrence-free AF in the LVA approach group than
in the linear approach group among patients with LVA
(Fig. 5A; p=0.022). In contrast, among the patients
without LVA, similar prognoses were observed between
the linear approach group and the LVA approach group
(patients who received PVI only) (Fig. 5B; p=0.290).

Discussion

The major findings of the present study are as follows:
(1) LVA ablation in addition to PVI significantly reduced
the recurrence rate compared to empirical linear ablation
despite the high success rate of block lines in patients
with PeAF; (2) LVA ablation contributes to a reduction
in procedural time and radiofrequency energy compared
to linear ablation; and (3) the LVA ablation group showed
a better prognosis than the linear ablation group among
patients with LVA. Whereas the empirical linear ablation
did not show a superior prognosis to PVI ablation alone
among patients without LVA.

Although several novel mapping approaches and device
techniques have been introduced to improve the out-
comes of PeAF ablation, these mapping systems often
require specific mapping software programs and complex
calculations, which do not reflect clinical usefulness and
convenience [21-24]. Linear ablation and LVA ablation
techniques, which have been advocated for a long time,
are commonly and universally used in daily clinical prac-
tice, and do not require a specific technique or mapping
program. It is crucial to focus on the standard approach
that is widely used during the ablation procedure to eval-
uate its efficacy with regard to outcomes. However, few
studies have compared the outcomes of empirical linear
and LVA-guided ablations in patients with PeAF.

Outcomes and advantages of LVA ablation

Although the outcomes of substrate-guided AF abla-
tion have been reported in previous studies, they mostly
involved comparison of substrate modification in addi-
tion to PVI with PVI alone [10-12, 23, 25]. Yang et al.
reported that a strategy of selective electrophysiologi-
cal-guided atrial substrate modification (LVA ablation)
in sinus rhythm after circumferential PVI was clinically
more effective than the stepwise approach (roof line,
MVI, and CFAE) for non-paroxysmal AF ablation in a
non-randomized study [25]. They also concluded that
the single procedural success rates of LVA ablation were
improved (69.8% vs. 51.3%) within 24 months. Moreover,
Kircher et al. recently reported that substrate modifica-
tion guided by voltage mapping was associated with a sig-
nificantly higher arrhythmia-free survival rate compared
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with a conventional approach applying linear ablation
according to AF type [19]. However, their study involved
approximately half of the patients with paroxysmal AF
that were unlikely to require an additional modification
beyond PVI The results of our study are consistent with
those in the previous studies but are unique in that we
adjusted the baseline characteristics by propensity score
matching analysis to reduce potential bias with focusing
the patients with persistent AF only.

Tuchiya et al. evaluated the presence or absence of LA
myocardial damage in an electroanatomical mapping
for AF patients, and demonstrated that the LVA was not
directly related to the duration of AF persistence, but
was associated with an AF substrate reflecting electri-
cal disturbance of the LA [26, 27]. In this context, it is
plausible that ablation of the electrically damaged tissue
associated with the arrhythmogenic substrate resulted in
the suppression of AF occurrence and better outcomes
after ablation. Moreover, we adapted the strict ablation
approach of scar homogenization until loss of the pac-
ing capture on the LVA, which may further prevent the
development of LVA-related AFL and further recurrence
in our study.

Linear ablation and related outcomes

Compared to the previous studies evaluating outcomes
of the lateral MVI line ablation and/or anterior and vein
of Marshall ablation [8, 9, 20], we successfully confirmed
bidirectional block of almost all linear ablations dur-
ing the first session (MVI, 96.9%; roof line, 100%). This
is probably due to the fact that a considerable amount
of time and RF energy was used to archive to complete
the block line; however, recurrence of linear lesions was
proven to some extent in the second session. Despite the
high success rate of linear ablations during the first ses-
sion, recurrence at the linear line was comparable to that
reported previously [28, 29]. It may be difficult to achieve
durable linear ablations using RF ablation alone, and the
achievement of linear ablation led to extended radiation
exposure and procedure time, as well as an extensive
amount of RF heat. To increase the success rate and dura-
bility of the MI block, vein of Marshall modification via
a chemical approach has been suggested as a benefit in
several reports [29-31]. However, the role and safety of
ethanol infusion in the vein of Marshall in the treatment
of AF remains to be determined in further investigations
(32, 33].

Sawhney et al. reported that incomplete MVI block
leads to high AF recurrence [34]. Although durable lin-
ear ablation may change the outcome of AF recurrence,
inadequate linear ablation creates a conduction gap,
such as Marshall AFL, which is well known to be proar-
rhythmogenic of reentrant arrhythmia [35]. Given the
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development of Marshall AFL in the linear group of our
study, the underlying conduction gap following the MVI
line ablation could increase with the risk of develop-
ment of Marshall AFL thereafter. Hence, it may be bet-
ter to avoid unnecessary linear ablation in cases without
documented AFL during the procedure because of the
possibility of an incomplete linear ablation line and an
increased risk of AF and AFL recurrence.

Our study additionally demonstrated that empirical
linear ablation showed no significant benefit in terms
of prognosis compared to PVI ablation alone among
patients without LVA. In addition, it is noteworthy that
both ablation approaches did not provide an acceptable
prognosis with a high recurrence rate. Specifically, in the
LVA approach group, the recurrence rate tended to be
higher in patients without LVA (PVI alone) than in those
with LVA (PVI plus LVA ablation). Although we acknowl-
edge the limitation of our small sample size, an alterna-
tive ablation approach (e.g., non-PV trigger ablation) may
be required to improve the outcome in PeAF patients
without LVA [36-38]; at the very least, additional linear
ablation or PVI alone according to the assessment of the
LA voltage map might not be sufficient for PeAF patients
without evidence of LVA or documented AFL.

Study limitations

This study has several limitations. First, this was a sin-
gle-center, retrospective, observational study. The mean
follow-up duration was relatively short because some
populations dropped out in the early phase after ablation.
Although ablation strategy was generally assigned alter-
natively in each group, for some cases, it depended on the
operators’ decision of whether to use the LVA ablation or
the linear ablation in a non-randomized manner. We did
not have a control group with LVA who underwent PVI
alone; therefore, it remains unclear whether the presence
of LVA has any impact on the outcome of AF ablation.
We did not evaluate CFAE, which is another possible
substrate and therapeutic target during AF. Further, sub-
analyses in patients without LVA may not have an ade-
quate sample size to compare the difference in prognosis
between the two strategies. Second, we could not use a
high-resolution mapping system and a multi-electrode
catheter, which may have affected the estimation of the
amount of LVA [39]. Third, the endpoint of LVA modifi-
cation remains unclear. It may be difficult to prove recur-
rence of LVA due to insufficient LVA modification. In this
context, detailed high-density intracardiac mapping of
the LVA and induction of AF via isoproterenol infusion
may be useful. However, to the best of our knowledge, no
trial has proven the role of LVA in recurrence after LVA
modification and changes in LVA using high-resolution
LVA mapping. Because of the limited performance of
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intermittent follow-up examinations (e.g., 12-lead elec-
trocardiogram, 24-h Holter monitoring), rhythm assess-
ment in our study could have caused underestimation of
the asymptomatic AF recurrence [40]. AFL recurrence
after the iatrogenic gaps might more likely be detected on
clinical examinations owing to its persistence, which may
result in a disadvantage of the prognosis in the leaner
group. Finally, although we used propensity score-match-
ing analysis to adjust the baseline characteristics between
the two ablation groups, a further randomized large-scale
study will be required to validate the outcomes.

Conclusions

LVA ablation reduced the recurrence rate compared to
linear ablation despite the high rate of complete block
lines in PeAF patients with LVA. Unnecessary empirical
linear ablation may not be recommended because of an
increased risk of iatrogenic gap and recurrence.

Abbreviations

AF: Atrial fibrillation; AFL: Atrial flutter; CFAE: Complex fractionated atrial elec-
trogram; CS: Coronary sinus; CTl: Cavotricuspid isthmus; LA: Left atrium; LVA:

Low voltage area; MVI: Mitral valve isthmus; PeAF: Persistent atrial fibrillation;
PV: Pulmonary vein; PVI: Pulmonary vein isolation; RF: Radiofrequency.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512872-022-02460-9.

Additional file 1. Comparison of baseline characteristics and procedural
data between the linear and LVA groups in total population.

Acknowledgements

The authors would like to thank the medical staff at Toyota Kosei Hospital
for their technical and clinical help during the procedure. In particular, we
acknowledge Keisuke Tsujikawa for his excellent data collection of the map-
ping data.

Authors’ contributions

SK. conceived the idea and developed the study concept. N.S. collected the
data, analyzed, and wrote the manuscript. SK, and S.Y. edited and com-
mented the manuscript. N.S, SK, MF, TO, YT, JS, HH, KA, Rl, and YS.
carried out the examination procedure. S.K, M.F, S.Y, and Y.I. helped the data
interpretation. M.S., RK, and T. M. supervised this work. All authors read and
approved the final manuscript.

Funding
None.

Availability of data and materials
The data used to support this study are available from the corresponding
author on reasonable request.

Declarations

Ethics approval and consent to participate
The study protocol was approved by the Institutional Review Board of Toyota
Kosei Hospital. The study was performed in compliance with the principles of


https://doi.org/10.1186/s12872-022-02460-9
https://doi.org/10.1186/s12872-022-02460-9

Suzuki et al. BMC Cardiovascular Disorders (2022) 22:13

the Declaration of Helsinki. Informed consent was obtained from all patients
prior to the procedure.

Consent for publication
Not applicable.

Competing interests
Dr. Yanagisawa is affiliated with a department sponsored by Medtronic Japan.
Other authors have no conflict of interest.

Author details

'Department of Cardiology, JA Aichi-Koseiren Toyota Kosei Hospital, Toyota,
Aichi, Japan. >Department of Cardiology, Nagoya University Graduate School
of Medicine, 65 Tsurumai, Showa, Nagoya, Aichi 466-8550, Japan.

Received: 22 November 2021 Accepted: 11 January 2022
Published online: 22 January 2022

References

1. Haissaguerre M, Jais P, Shah DC, Takahashi A, Hocini M, Quiniou G, et al.
Spontaneous initiation of atrial fibrillation by ectopic beats originating in
the pulmonary veins. N Engl J Med. 1998;339(10):659-66.

2. Takahashi A. Catheter ablation is established as a treatment option for
atrial fibrillation—is catheter ablation established as a treatment option
of atrial fibrillation? (Pro). Circ J. 2010;74(9):1972-7.

3. Cappato R, Calkins H, Chen SA, Davies W, lesaka Y, Kalman J, et al. World-
wide survey on the methods, efficacy, and safety of catheter ablation for
human atrial fibrillation. Circulation. 2005;111(9):1100-5.

4. Wu SH, Jiang WF, Gu J, Zhao L, Wang YL, Liu YG, et al. Benefits and risks
of additional ablation of complex fractionated atrial electrograms for
patients with atrial fibrillation: a systematic review and meta-analysis. Int J
Cardiol. 2013;169(1):35-43.

5. KimTH, Uhm JS, Kim JY, Joung B, Lee MH, Pak HN. Does additional
electrogram-guided ablation after linear ablation reduce recurrence after
catheter ablation for longstanding persistent atrial fibrillation? A prospec-
tive randomized study. J Am Heart Assoc. 2017;6(2):.e004811.

6. Qin M, Liu X, Wu SH, Zhang XD. Atrial substrate modification in atrial
fibrillation: targeting GP or CFAE? Evidence from meta-analysis of clinical
trials. PLoS ONE. 2016;11(10):e0164989.

7. Matsuo S, Yamane T, Date T, Hioki M, Narui R, Ito K, et al. Completion of
mitral isthmus ablation using a steerable sheath: prospective randomized
comparison with a nonsteerable sheath. J Cardiovasc Electrophysiol.
2011,22(12):1331-8.

8. Lee JH,Nam GB, Go TH, Hwang J, Kim M, Hwang YM, et al. Alternative
strategies to improve success rate of mitral isthmus block. Medicine.
2018;97(48):e13060.

9. Verma A, Jiang CY, Betts TR, Chen J, Deisenhofer I, Mantovan R, et al.
Approaches to catheter ablation for persistent atrial fibrillation. N Engl J
Med. 2015;372(19):1812-22.

10. Willems S, Klemm H, Rostock T, Brandstrup B, Ventura R, Steven D,
et al. Substrate modification combined with pulmonary vein isolation
improves outcome of catheter ablation in patients with persistent
atrial fibrillation: a prospective randomized comparison. Eur Heart J.
2006,27(23):2871-8.

11. Vogler J,Willems S, Sultan A, Schreiber D, Luker J, Servatius H, et al. Pul-
monary vein isolation versus defragmentation: the CHASE-AF clinical trial.
J Am Coll Cardiol. 2015;66(24):2743-52.

12. Nery PB, Algarawi W, Nair GM, Sadek MM, Redpath CJ, Golian M, et al.
Catheter ablation of low-voltage areas for persistent atrial fibrillation:
procedural outcomes using high-density voltage mapping. Can J Cardiol.
2020;36(12):1956-64.

13. Nogami A, Kurita T, Abe H, Ando K, Ishikawa T, Imai K, et al. JCS/JHRS 2019
guideline on non-pharmacotherapy of cardiac arrhythmias. J Arrhythm.
2021,37(4):709-870.

14. Calkins H, Hindricks G, Cappato R, Kim YH, Saad EB, Aguinaga L, et al.
2017 HRS/EHRA/ECAS/APHRS/SOLAECE expert consensus statement
on catheter and surgical ablation of atrial fibrillation. Heart Rhythm.
2017;14(10):e275-444.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Page 12 of 13

Yanagisawa S, IndenY, Ohguchi S, Nagao T, Fujii A, Tomomatsu T, et al.
Periprocedural management of cardiac tamponade during catheter
ablation for AF under uninterrupted DOAC and warfarin. JACC Clin Elec-
trophysiol. 2020;,6(7):786-95.

Calzolari V, De Mattia L, Indiani S, Crosato M, Furlanetto A, Licciardello C,
et al. In vitro validation of the lesion size index to predict lesion width and
depth after irrigated radiofrequency ablation in a porcine model. JACC
Clin Electrophysiol. 2017;3(10):1126-35.

Matsuura G, Kishihara J, Fukaya H, Oikawa J, Ishizue N, Saito D, et al. Opti-
mized lesion size index (o-LSI): a novel predictor for sufficient ablation of
pulmonary vein isolation. J Arrhythm. 2021;37(3):558-65.

Masuda M, Asai M, lida O, Okamoto S, Ishihara T, Nanto K, et al. Additional
low-voltage-area ablation in patients with paroxysmal atrial fibrillation:
results of the randomized controlled VOLCANO trial. J Am Heart Assoc.
2020;9(13):e015927.

Kircher S, Arya A, Altmann D, Rolf S, Bollmann A, Sommer P, et al.
Individually tailored vs. standardized substrate modification during radi-
ofrequency catheter ablation for atrial fibrillation: a randomized study.
Europace. 2018;20(11):1766-75.

Aldaas OM, Lupercio F, Lin AY, Han FT, Hoffmayer KS, Raissi F, et al. Abla-
tion of mitral annular flutter ablation utilizing a left atrial anterior line
versus a lateral mitral isthmus line: a systematic review and meta-analysis.
JInterv Card Electrophysiol. 2021,63:87-95.

Seitz J, Bars C, Théodore G, Beurtheret S, Lellouche N, Bremondy M, et al.
AF ablation guided by spatiotemporal electrogram dispersion without
pulmonary vein isolation: a wholly patient-tailored approach. J Am Coll
Cardiol. 2017;69(3):303-21.

Narayan SM, Krummen DE, Shivkumar K, Clopton P, Rappel WJ, Miller JM.
Treatment of atrial fibrillation by the ablation of localized sources: CON-
FIRM (Conventional ablation for atrial fibrillation with or without focal
impulse and rotor modulation) trial. J Am Coll Cardiol. 2012;60(7):628-36.
Honarbakhsh S, Hunter RJ, Dhillon G, Ullah W, Keating E, Providencia R,
et al. Validation of a novel mapping system and utility for mapping com-
plex atrial tachycardias. J Cardiovasc Electrophysiol. 2018;29(3):395-403.
TakahashiY, Akiyoshi K, Sekigawa M, Yagishita A, Yamamoto T, Maeda S,
et al. Endocardial contact mapping of the left atrial appendage in persis-
tent atrial fibrillation. J Cardiovasc Electrophysiol. 2020;31(1):112-8.

Yang G, Yang B, Wei Y, Zhang F, Ju W, Chen H, et al. Catheter ablation of
nonparoxysmal atrial fibrillation using electrophysiologically guided sub-
strate modification during sinus rhythm after pulmonary vein isolation.
Circ Arrhythm Electrophysiol. 2016;9(2):e003382.

Yamaguchi T, Tsuchiya T, Nagamoto Y, Miyamoto K, Murotani K, Okishige
K, et al. Long-term results of pulmonary vein antrum isolation in patients
with atrial fibrillation: an analysis in regards to substrates and pulmonary
vein reconnections. Europace. 2014;16(4):511-20.

Tsuchiya T. Substrate of atrial fibrillation is reated to results of atrial fibril-
lation ablation: a concept of no low voltage no LA body AF (in Japanese).
Jpn J Electrocardiol. 2009;29(2):133-40.

Fassini G, Riva S, Chiodelli R, Trevisi N, Berti M, Carbucicchio C, et al.

Left mitral isthmus ablation associated with PV Isolation: long-term
results of a prospective randomized study. J Cardiovasc Electrophysiol.
2005;16(11):1150-6.

Kim T-H, Park J, Uhm J-S, Kim J-Y, Joung B, Lee M-H, et al. Abstract

16225: durability of left atrial linear ablation and clinical outcome

after catheter ablation for persistent atrial fibrillation. Circulation.
2016;134(suppl_1):A16225-A.

Yoshitani K, Miyamoto T, Sato Y, Takatsu Y. Another gate keeper to protect
the mitral isthmus? Importance of the vein of Marshall. J Cardiovasc
Electrophysiol. 2015;26(3):352-3.

Nakashima T, Pambrun T, Vlachos K, Goujeau C, André C, Krisai P, et al.
Impact of vein of marshall ethanol infusion on mitral isthmus block: effi-
cacy and durability. Circ Arrhythm Electrophysiol. 2020;13(12):e008884.
Baez-Escudero JL, Keida T, Dave AS, Okishige K, Valderrdbano M. Ethanol
infusion in the vein of Marshall leads to parasympathetic denervation of
the human left atrium: implications for atrial fibrillation. J Am Coll Cardiol.
2014,63(18):1892-901.

Kamakura T, Derval N, Duchateau J, Denis A, Nakashima T, Takagi T, et al.
Vein of marshall ethanol infusion: feasibility, pitfalls, and complications in
over 700 patients. Circ Arrhythm Electrophysiol. 2021;14(8):e010001.
Sawhney N, Anand K, Robertson CE, Wurdeman T, Anousheh R, Feld GK.
Recovery of mitral isthmus conduction leads to the development of



Suzuki et al. BMC Cardiovascular Disorders (2022) 22:13 Page 13 of 13

macro-reentrant tachycardia after left atrial linear ablation for atrial fibril-
lation. Circ Arrhythm Electrophysiol. 2011;4(6):832-7.

35, Kamanu S, Tan AY, Peter CT, Hwang C, Chen PS. Vein of Marshall activ-
ity during sustained atrial fibrillation. J Cardiovasc Electrophysiol.
2006;17(8):839-46.

36. Lo LW, Tai CT, LinYJ, Chang SL, Wongcharoen W, Hsieh MH, et al. Mecha-
nisms of recurrent atrial fibrillation: comparisons between segmental
ostial versus circumferential pulmonary vein isolation. J Cardiovasc
Electrophysiol. 2007;18(8):803-7.

37. TakamiyaT, Nitta J, Inaba O, Sato A, Inamura Y, Murata K, et al. Impact of
diagnosis-to-ablation time on non-pulmonary vein triggers and ablation
outcomes in persistent atrial fibrillation. J Cardiovasc Electrophysiol.
2021;32(5):1251-8.

38. Tohoku S, Fukunaga M, Nagashima M, Korai K, Hirokami J, Yamamoto K,
et al. Clinical impact of eliminating nonpulmonary vein triggers of atrial
fibrillation and nonpulmonary vein premature atrial contractions at
initial ablation for persistent atrial fibrillation. J Cardiovasc Electrophysiol.
2021,32(2):224-34.

39. MoriH, Kato R, Ikeda Y, Goto K, Tanaka S, Asano S, et al. The influence
of the electrodes spacing of a mapping catheter on the atrial voltage
substrate map. J Cardiol. 2018;72(5):434-42.

40. Huang S, ZhaoT, Liu C, Qin A, Dong S, Yuan B, et al. Portable device
improves the detection of atrial fibrillation after ablation. Int Heart J.
2021,62(4):786-91.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Comparison of the empirical linear ablation and low voltage area-guided ablation in addition to pulmonary vein isolation in patients with persistent atrial fibrillation: a propensity score-matched analysis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Patient population
	Ablation procedures
	Linear ablation
	LVA ablation
	Follow-up
	Second session
	Study endpoints
	Statistical analysis

	Results
	Patients’ characteristics
	Ablation procedural data
	AF recurrence
	Second ablation session
	Differences in AF recurrence according to ablation strategy in patients with and without LVA

	Discussion
	Outcomes and advantages of LVA ablation
	Linear ablation and related outcomes

	Study limitations
	Conclusions
	Acknowledgements
	References


